Immortalizing primary cells with human telomerase reverse transcriptase (hTERT) has been common practice to enable primary cells to be of extended use in the laboratory because they avoid replicative senescence. Studying exogenously expressed hTERT in cells also affords scientists models of early carcinogenesis and telomere behavior. Control and the premature ageing disease-HutchinsonGilford progeria syndrome (HGPS) primary dermal fibroblasts, with and without the classical G608G mutation have been immortalized with exogenous hTERT. However, hTERT immortalization surprisingly elicits genome reorganization not only in disease cells but also in the normal control cells, such that whole chromosome territories normally located at the nuclear periphery in proliferating fibroblasts become mislocalized in the nuclear interior. This includes chromosome 18 in the control fibroblasts and both chromosomes 18 and X in HGPS cells, which physically express an isoform of the LINC complex protein SUN1 that has previously only been theoretical. Additionally, this HGPS cell line has also become genomically unstable and has a tetraploid karyotype, which could be due to the novel SUN1 isoform. Long-term treatment with the hTERT inhibitor BIBR1532 enabled the reduction of telomere length in the immortalized cells and resulted that these mislocalized internal chromosomes to be located at the nuclear periphery, as assessed in actively proliferating cells.
| INTRODUCTION
Cellular senescence is a state of irreversible cell cycle arrest commonly reached by replicative or cell stress pathways, which can be preceded by signaling of DNA damage and/or telomere shortening. [1] [2] [3] [4] Cellular senescence is purported to be a process that occurs in vivo to circumvent initiation and uncontrolled growth of cancers. 5 The process of cellular senescence in culture may proceed without telomere erosion 6, 7 and could be induced by epigenomic changes such as methylation and inhibition of chromatin deacetylation. 7, 8 Whatever the cause of senescence, the gradual accumulation of nondividing cells throughout the proliferative life spans of cell cultures 9,10 is seen as a major obstacle to the continuous propagation of cells for experimentation. However, it is possible to force cells to immortalize, thus avoiding replicative senescence by introducing the human catalytic subunit-hTERT to activate telomerase in vitro [11] [12] [13] leading to an infinite extension of the lifespan of an in vitro culture, 14 without causing genomic instability. 15 Indeed, human telomerase is reactivated in cancer indicating that telomerase is required for proliferation of cells toward malignancy. 16, 17 Thus, just the addition of the telomerase activity and the consequent elongated telomeres does not lead to genomic instability in normal cells but there may be other aspects of genome behavior that could be affected. It should be noted that exogenous telomerase will target the shorter telomeres in preference. 18, 19 Indeed, chromosome and gene positioning in interphase nuclei is often altered in cancer cells [20] [21] [22] [23] [24] possibly through changes at the epigenomic level, telomere repositioning and/or anchorage to structures within the nucleoskeleton. 20, 25 Chromosome territories [26] [27] [28] are nonrandomly positioned in cells 20, 29, 30 with distinct differences evident between cells in different proliferative states. For example, in human-proliferating fibroblasts more gene-poor chromosome territories are located at the nuclear periphery and gene-rich chromosomes toward the nuclear interior. [31] [32] [33] This organization of chromosomes has been confirmed with global genome analysis experimentation revealing more gene-poor sequences located or bound to the nuclear lamina. [34] [35] [36] [37] In nonproliferating primary fibroblasts made quiescent either by serum removal or growth confluence, chromosome territories become reorganized into a size distribution with large chromosomes at the nuclear periphery and smaller chromosomes in the nuclear interior. [38] [39] [40] [41] With serum removal this reorganization happens rapidly with some chromosomes moving from the periphery to the nuclear interior within several minutes. 38 In replicative senescent cells, chromosome territories also change location to a size distribution, with some subtle differences between quiescent and senescent cells [Mehta et al 39 ]
. This spatial positioning of the genome is partially regulated through its interaction with, and anchorage through, nuclear structures of the nucleoskeleton such as the nuclear lamina, the LINC complex and integral membrane proteins found at the nuclear periphery, 42 nuclear motor proteins, 43 and nucleoli. 44, 45 In addition, the genome may well be organized by other nuclear structures such as nuclear bodies [46] [47] [48] or even a possible transnuclear structure such as the nucleoskeleton. [49] [50] [51] Telomeres are important structures involved in anchoring the genome and have been shown to have binding interactions with proteins of the nuclear envelope such as lamin A, 52 SUN2, 53 AKTIP, a telomere associated protein, 54, 55 and SUN1; although in SUN1 −/− mice telomere attachments to the envelope in meiosis were still apparent. 56, 57 Telomeres are also seen to be tethered by the internal nuclear nucleoskeleton, 51, 58, 59 yet it is unclear what they are binding to. It is possible that they bind to internal lamin complexes in the nuclear interior that contain lamin A and Lap2α, 60 affected by epigenetic changes. 61, 62 Given the evidence of telomeric binding to various nuclear structures in cells, especially those containing A-type lamins, it is not surprising that in syndromes where there are mutations in A-type lamins, and their binding partners, genome organization is affected. 40, [63] [64] [65] [66] [67] [68] We and others have demonstrated previously that chromosomes are mislocalized in primary cells derived from patients with laminopathy and carriers, with mutations in lamin A. 40, 69 These studies indicate that lamin A is involved in chromosome positioning within interphase nuclei. Previously, we have demonstrated that chromosomes in proliferating primary HGPS cells are mislocalized and are located in nonrandom positions as if the cells were quiescent. 65 Although, recent studies assessing the specific epigenetic clock DNA methylation markings of HGPS cells indicate that they have a prematurely aged signature. 70 However, following treatment with farnesyl transferase inhibitors (FTIs), that prevent the farnesylation of proteins, leads to the mutant lamin A protein-progerin-to have no farnesylation moieties, and so does not become associated aberrantly with the nuclear envelope during mitosis, which restores chromosome territory to that of control cells. 66, 71 In an effort to make HGPS cells more easily cultured and assayable, we employed cells that had been immortalized by hTERT. 72 A control hTERT normal fibroblast line was also employed. 73 Most interestingly we revealed that the inclusion of hTERT into primary control cells altered the position of the territories of chromosome 18 toward the nuclear interior, away from the nuclear periphery, even though the cells were actively proliferating. Two HGPS cell lines also displayed chromosome 18 territories toward the nuclear interior, however, this is normal for HGPS cells. 40, 66 Most surprisingly the atypical HGPS cell line, without the classical G608G mutation in the lamin A gene (LMNA) displayed genomic instability, particularly aneuploidy, with, in addition, the chromosome X territories located in the nuclear interior. We normally use chromosome X as a control chromosome very often as both copies are always found at the nuclear periphery in our assays. In conclusion, telomere elongation via hTERT has led to chromosome misplacement.
In the treatment of several cancer lines it was demonstrated that a drug called BIBR1532 can repress telomerase activity and cause tumor cell growth arrest without triggering acute cytotoxicity. 74 We found that over time in culture BIBR1532 also permitted telomeres to return to a normal length, with the culture also beginning to contain 
| Metaphase chromosome preparations
A volume of 1% colcemid solution was added to each dish 1 hour prior to harvest and incubated in 0.075 M KCl at room temperature for 15 minutes prior to fixation in methanol: acetic acid (3:1 vol/vol).
Fixed chromosomes were stained with DAPI and "Metafercell Software" was used for the automated detection and imaging of metaphase spreads. Wendy Bickmore and Dr. Paul Perry, MRC Human Genetics Unit) was devised to divide each captured nucleus into five concentric shells of equal area, the first shell being at the periphery of the nuclei ending in the interior of the nuclei (fifth shell). 33, 77 The erosion script measures the pixel signal intensity of DAPI and the chromosome probe. The percentage chromosome signal intensity measurement per shell was divided by the percentage DNA signal intensity measurement of the same shell in order to normalize the data. Bar charts and SE of the mean (SEM) bars were plotted and calculated using these data. Finally, statistical analyses were performed using unpaired two-tailed and Student's t tests. To note in young proliferating cultures of HGPS cells, nuclei do not tend to be misshaped and are normally ellipsoid. If the nuclei do display an abnormal shape they are still included in the erosion analysis and given that the script outlines the nuclei absolutely, with invagination and herniations chromosomes are at the nuclear envelope in an invagination will still be recorded at the nuclear periphery.
| Multiplex fluorescence in situ hybridization assay

| Interphase quantitative fluorescence in situ hybridization
Mouse lymphoma LY-R (radio-resistant) and LY-S (radio-sensitive), 
| LBR cloning for sequencing
The longest protein-coding transcript from Ensembl database (LBR-001, ENSG00000143815) corresponding to Q14739 protein in UniProt database was used to design the primers. Two parts of the ORF defined by the pairs of primers (LBR.f1 and LBR.r1; LBR.f2 and LBR.r2) as well as the full-length ORF (LBR.f1 and LBR.r2) were amplified from the cDNA using Phusion Hot Start DNA polymerase (Thermo Fisher Scientific). The largest PCR fragment (LBR.f1 and LBR.r2) was cloned into pJET2.1 vector and three clones were sequenced by GENEWIZ UK Ltd.
| SUN1 cloning for sequencing
The longest protein-coding transcript from Ensembl database (SUN1-001, ENSG00000164828) was used to design the primers. The N-and C-parts of the ORF defined by the pairs of SUN1.f1 and SUN1.r1, and of SUN1.f2 and SUN.r2 primers, respectively, as well as the full-length ORF (SUN1.f1 and SUN.r2) were amplified from the cDNA using Phusion Hot Start DNA polymerase (Thermo Fisher Scientific). The N-and C-parts of the ORF were independently cloned into pJET2.1 vector and three clones from each set were sequenced by GENEWIZ UK.
3 | RESULTS
| Chromosome complement of hTERTimmortalized control and HGPS cells
Transfection with hTERT immortalization is a method used to control and extend the life span of important or difficult to grow primary cells in many laboratories. 81 The karyotype of hTERT immortalized cells remains normal for many passages. 82, 83 However, it is still not clear how artificially lengthened telomeres affect chromosome behavior in cells that have been stability transfected with hTERT. Thus, we wished to investigate chromosome positioning in primary fibroblasts immortalized with hTERT. The cell lines we used were a primary male fibroblast cell line created at Brunel University London NB1s, that were immortalized with the hTERT plasmid and named NB1T. 74 We also wished to analyze hTERT-immortalized HGPS primary cells for effects on the genome of immortalization because progerin, the toxic protein formed in HGPS cells, interacts with telomeres. 84 Thus, we employed an HGPS cell line with the classical G608G mutation and another cell line generated from an HGPS patient with an unknown mutation that is not the G608G alteration found in lamin A. 85 These cells were named T06 and T08, respectively. 86 Initially, we examined whether the hTERT immortalization had Corrected calibrated fluorescence (CcFL) telomere signal intensity for NB1T, T06, and T08 cells relative to the control NB1 cell line (E). *P < 0.05; **P < 0.01; ***P < 0.001. Error bars represent SE of the mean (SEM). F displays the nuclear position of the telomeres in NB1, NB1, T06, and T08 cells after erosion analysis 33, 77 measuring the percentage of the cy3 telomere signal (%), normalized by the percentage of DAPI signal, over five concentric shells of equal area from the nuclear periphery to interior. The x-axis displays the shells from 1 to 5 (left to right), with 1 being the most peripheral shell and 5 being the most internal shell. The y-axis shows the normalized signal (%)/DAPI (%), error bars representing the SE of mean (SEM). Significant differences are denoted by stars (*P ≤ 0.05; ** P ≤ 0.01) (B). Scale bar = 5 μm [Color figure can be viewed at wileyonlinelibrary.com] ,der(1)t(14;1;17),del(2p),del(3p),der(4)t(4;19),der(5)t(5;10), del(5p),-6,der(7)t(7;21),-13,-14,der(14)t(10;14),-15,der (15) nuclei. 66 Chromosome 13 territories, which behave similarly to chromosome 18 territories, that is, are located at the nuclear periphery in control fibroblasts, 38,40 display a bimodal distribution in NB1T and are skewed toward the interior in T06 cells. In T08, chromosome 13 is away from the nuclear edge but gives a more random distribution (Supporting Information Figure S3 ).
Overall, these data reveal that hTERT immortalization has indeed affected positioning of chromosomes in normal control cells and in the HGPS cells T08-the HGPS line with an undiscovered mutation.
Most notably these chromosomes are 18 and X and so these are the chromosomes that were used to evaluate whether they can be repositioned following telomere erosion.
| Erosion of telomere length by BIBR1532 leads to restoration of chromosome position
To address the hypothesis that telomere length is responsible for the abnormal chromosome positioning, we employed a drug, BIBR1532, which inhibits telomerase activity. 89 A low dose was employed that Fibroblasts were subjected to 2D-FISH using whole chromosome painting probes specific to chromosomes 18 and X. The probes were labeled with biotin by degenerate oligonucleotide primed-polymerase chain reaction (DOP-PCR) and detected using streptavidin conjugated to cyanine 3 (colored green) and the nuclei were counterstained with DAPI (blue). Figure S4 ). Telomere lengths were measured every few weeks using IQ-FISH and it was determined that telomere lengths were reduced in NB1T
( Figure 4A ) and T08 ( Figure 4B ) cells to similar lengths as found in the NB1 control cells after 8 weeks for NB1T and 6 weeks for T08 cells.
These cells were chosen because they both had mislocalized chromosomes. As predicted, the reduction of telomere repeats in the immor- Figure 5U-Z) , as was to be expected. However, chromosome X territories were significantly located at the nuclear periphery after the 6 week drug treatment ( Figure 5C 'F').
| Novel isoform of SUN1 found in T08 cells
Although chromosome 18 is normally positioned in an interior location in HGPS cells, 40, 66, 71 it is a new finding that the X chromosome territories were also located at the nuclear interior. Thus, we hypothesized that there must be a further factor required to anchor chromosomes at the nuclear periphery in T08s, specifically required by the X chromosomes. This could be an integral membrane/LINC protein, or similar. In order to test this hypothesis, we performed a series of studies with a panel of antibodies recognizing proteins at the nuclear envelope ( Figures 6 and S5 ). Figure 6 displays staining for anti-LBR localizing to a few small speckles in the nuclear interior ( Figure 6D ).
Assessing LBR and SUN1 levels by western blotting revealed that there are indeed lower levels of LBR in T08 cells by almost one half ( Figure 6E ) and 12x less SUN1 in T08s when compared to NB1Ts
( Figure 6F ), normalized by α-tubulin ( Figure 6G ). All lamins (A-type and B-type) showed normal levels and distributions in both NB1T and T08 (Supporting Information Figure S5 ). Others have shown that SUN1 can be involved in HGPS phenotype [90] [91] [92] with the lack of SUN1 being beneficial to HGPS cells. 93 On contrary, LBR is overexpressed in skin cells with a classical LMNA G608G mutation. 94, 95 In order to determine if there was a mutation in the T08 cells in either LBR or SUN1, sequencing of open reading frames was performed. Figure 7A , and the PCR products FIGURE 5 Chromosome repositioning after BIBR1532 treatment. Representative images of the position of chromosome 18 and X within NB1, NB1T, and T08 fibroblasts nuclei before and after drug treatment (A-E, K-O, U-W and A'-C'). Fibroblasts were subjected to 2D-FISH using probes specific to chromosomes 18 and X. Whole chromosome painting probes were labeled with biotin and detected using streptavidin conjugated to cy3 (green) and the nuclei were counterstained with DAPI (blue). Ki-67 staining is not shown in the images. Histograms displaying the nuclear positions of chromosomes 18 and X territories in Ki-67 positive NB1 and NB1T cells before and after drug treatments (F-J) and (P-T). Erosion analyses were performed by ascertaining the distribution of the mean proportion of hybridization signal per chromosome (%), normalized by the percentage of DAPI signal, over five concentric shells of equal area from the nuclear periphery to center. The x-axis displays the shells from 1 to 5 (left to right), with 1 being the most peripheral shell and 5 being the most internal shell. The y-axis shows signal (%)/DAPI (%). Error bars representing SEM were plotted for each shell for each graph (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001). Scale bar = 5 μm. Bar charts displaying the position of human chromosomes 18 and X territories with Ki-67 positive in T08 cells before and after drug treatments (X-Z and D'-F') [Color figure can be viewed at wileyonlinelibrary.com] amplified from the cDNA from T08 cells using of the pairs of primers, as well as the full-length ORF are analyzed in Figure 7B . The amplification using the SUN1.f2 and SUN.r2 primers produced an abundant band of the size matching the designed C-terminal half of the SUN1 ORF. The SUN1.f1 and SUN1.r1 primers generated several bands indicating the presence of isoforms that are different at their N-termini. Interestingly, the most abundant band migrated well above the 1500 bp DNA marker, suggesting that the SUN1 protein from T08 cells is encoded by the mRNA which is longer than the longest protein-coding SUN1 transcript in Ensembl database. N-terminal clones were different from the canonical SUN1 sequences. Two clones, containing the longest PCR product ( Figure 7B , lane 5), matched SUN1 isoform-9 annotated without experimental confirmation on the UniProt database, and one clone, corresponding to the shorter, less abundant PCR product ( Figure 7 , lane 5), is a novel SUN1 isoform. We also found the H118 (CAC) > Y118 (TAC) substitution which could be considered as a natural variant. 98 Further analysis of both of these genes by PCR amplification and sequencing revealed that there is no mutation in LBR within exons. Therefore, we have found, in the T08 cells, an isoform of SUN1 that has only ever been suggested to exist in theory (Figure 8 ). Exons 4 and 5 are both missing which compares to isoform-9. This isoform would correspond to the lower molecular weight PCR fragment in Figure 7 whereas the higher molecular weight fragment matches the isoform-9. We did not attempt to quantify the expression of different isoform, but a relative abundance of bands in Figure 7B would match the 2:1 ratio of the sequenced clones.
The novel SUN1 isoform would not be recognized by the antibodies employed here and so its presence, rather than typical SUN1, may be responsible for lack of chromosome X at the nuclear periphery and the genomic instability once the atypical HGPS cells had been 
| DISCUSSION
This study has revealed that by immortalizing normal primary human dermal fibroblasts with hTERT, interphase chromosome positioning is affected in two cell-lines, one from an HGPS primary line and a normal control primary fibroblast line. In young proliferating primary cells, the gene-poor chromosome 18 territories are normally located at the nuclear periphery, with a number of attachments through laminaassociated domains (LADs). However, in cells that are resting in replicative senescence or quiescence chromosome 18 is located in the nuclear interior. 20 In this study, we demonstrate for the first time that chromosome 18 territories are found in the nuclear interior of normal proliferating control cells, the only change being that they have been immortalized by hTERT. This interior location is also observed in the two immortalized HGPS cell lines and corresponds to that previously observed nuclear position for chromosome 18 territories in HGPS cells. 40, 66, 71 Another novel finding of this study is that chromosome X territories are located in the nuclear interior in the T08 HGPS cell line.
This line does not contain the classical G608G lamin A mutation and so does not express progerin, and displays lamin A expression (Supporting Information Figure S6 ).
We Table S1 ).
Extra copies of chromosomes have been shown to go to the same nuclear compartments 33, 99 and this is what we have observed as well in this study. Thus, the number of individual chromosomes should not change the overall probabilistic chromosome position.
The chromosome repositioning and aneuploidy of chromosome 18 in the T08s does not appear to be due to any issues with lamin B2, which might have led to genomic instability, 100 as lamin B2 is found in good amounts in the nuclear envelope (Supporting Information Figure S5 ), although we do see a possible mutation in whole exome sequencing.
However, LBR levels are affected in T08 cells and could be responsible for problems with chromosome anchorage as LBR is known to bind chromatin. 101 We have also seen chromosome and gene mislocalization in breast cancer cells that are missing LBR 102 and have revealed that LBR has a role to play in development of breast cancer. 103 Indeed, lack of LBR has been linked to chromatin mislocalization before. 104 However, in T08 we have found that there was a lack of SUN1 at the nuclear envelope but after some genomic analyses we have found a SUN1 isoform which were already deposited in GenBank supporting the notion the C-terminal half is not subjected to alternative splicing. Two clones for the N-terminal half aligned perfectly to the isoform-9, including the 10-aa peptide identified by Olsen et al. 105 The isoform-9 is longer compared to the canonical isoform-1 and contains two additional exons which we designated as exons 5B and 5C. Both exons are nicely spaced between exon 5 and exon 6 and are surrounded by nearly perfect splicing signals.
Thus, we provide the experimental confirmation for existence of the isoform-9.
It is possible that the lack of canonical SUN1 and presence of a new isoform was responsible for the lack of LBR at the nuclear envelope as it is expressed ( Figures 6B and 8) . Furthermore, the presence of the novel isoform of SUN1 in combination with elongated telomeres could be why chromosome X was not anchored at the periphery but can return after telomere erosion. In addition, the combination of elongated telomeres and the presence of the SUN1 isoform 9 has seemed to generate genomic instability in the T08s. This is not the first time that SUN1 has been implicated in genome instability since studies in Dictyostelium 109 and mouse 110 have revealed SUN1's role in maintaining genomic health and is known to interact with telomeres 56,111-114 and nuclear envelope flexibility. 115 Obviously, further studies are required to reveal the relationship of telomeres and the SUN1 isoform 9.
How might this relocation of chromosomes be elicited? It is possible that expansion of the telomeres changes their epigenetic fingerprint and so they are no longer able to interact with nuclear lamins in the same way and do not become attached to the nuclear envelope in nuclear reformation after mitosis. 116 It could also be that elongated telomeres may load up more nucleolar proteins at mitosis due to the extended repeats and then end up being taken into the nuclear interior and embedded within nucleoli. Ki67, a nucleolar protein, has been observed in mitotic chromosomes 117, 118 associated with telomeres with these genomic regions being then coalesced with the rebuilding nucleoli. 119 This would imply in this situation that all telomeres and chromosomes would be associated with nucleoli and away from the nuclear periphery but DAPI distributions across the five shells are normal and so is unlikely. A further question has to be why do chromosomes behave differently within the T08 cells, such that chromosome 10 does not differ as much as the X chromosomes. We have found dramatic differences in the some heterochromatin marks and proteins (Supporting Information Figure S7 ). Indeed, HP1α is missing totally in T08 cells and since it is located on X chromosomes, specifically the Barr body, 120 its lack may well affect chromosomes binding at the nuclear envelope. Indeed, HP1α binds to LBR, anchoring chromatin at the nuclear periphery, with both proteins compromised in these cells in addition to elongated telomeres there may well be a binding issue. Lamin B is implicated in altering genome organization in progeria cells-indeed gene-rich areas of the genome are more prevalent at nuclear sites lacking B-type lamins. 121 However, in the T08 cells there is not an abnormal amount of B-type lamin (Supporting Information Figure S3 ).
When the parental cell-line AGO8466 was subjected to exome sequencing and the data analyzed, mutations in two DNA repair enzymes were revealed, MSH4 and HELQ (see Supporting Information Figure S8 ). These mutations could affect the amount of protein present for these two genes because for MSH4 there is a predicted loss of the acceptor splice site for exon 10 with the likely effect being the exclusion of exon 10 resulting in a frameshift and an early stop codon.
For HELQ, there are two possible effects of that mutation-either the continued usage of the donor splice site with a frameshift caused by the deletion of 10 nucleotides or the loss of the donor splice site with a possible intron retention and stop codon after 16 codons (Supporting Information Figure S8 ). Further investigation into the effect of these mutations is also warranted and such mutations may also be implicated in the genomic instability observed when the cells were immortalized.
Furthermore, the cell lines associated with this patient diagnosis may perhaps be described as HGPS-like progeroid disease, although SUN1
interactions with lamin A are involved in progeric laminopathies. 92, 93 BIBR1532 has been used in many studies to cause apoptosis of cancer cells with extended telomeres. However, in our study we used a low dose that did not induce noticeable amounts of cell death, but was able to produce cell cultures that were passaged normally over the 6-8-week period. Instead, we found shorter telomeres and senescent cells, determined using anti-Ki67 as a proliferation marker in the presence of BIBR1532. One interesting exploitation of our findings could be that at a low dose, BIBR1532 could work as a companion drug for chemotherapy working through the telomeres to result in the restoration of a more normal spatial positioning of chromosomes, allowing their spatio-epigenetics responses to be more like nonimmortalized cells. 
